This paper presents a novel design of a flexible and wearable E-shaped, multiband dipole antenna. The antenna has a low profile and is printed on a common 2 mm thick denim fabric (ε r = 1.7). By installing a passively coupled rectangular patch with L-shaped cuts, the lower frequency band is supported and the bandwidth at higher frequencies is also enhanced. The antenna's performance was observed under different deformations in free space as well as when it was placed on different parts of the human body. No significant changes in the characteristics of the frequency bands of interest were observed for the flexible antenna compared with the initial nondeformable antenna. Simulations for 10 g average specific absorption rate (SAR) at different input powers up to 250 mW were carried out considering that the antenna adheres well to the human body and there is no spacing or shielding. The obtained results show that the amount of energy absorbed by the body tissue increases by increasing the incident power.
Introduction
Wearable technologies have drawn considerable research interest in the past decade due to their functionalities and capabilities to support different applications in industry, healthcare and the military, among others. Since there is a need to connect wearable technologies to other data acquisition stations, flexible antennas integrated into wearable technologies are expected to play an important role. To ensure practical suitability, wearable antennas need to be user friendly, comfortable, flexible, durable, inexpensive, low weight and compact.
Currently, wearable antennas are being developed and integrated into human accessories for wireless body area network (WBAN) communications such as smart finger rings [1, 2] , eyewear [3] and smart watches [4] [5] [6] [7] [8] . Cuff button antennas and modular textile snap-on button antennas have also been reported in the literature [9] [10] [11] . For wearable textile antennas utilising substrates with a low dielectric constant, the surface wave losses are reduced and impedance bandwidth is expanded [12] [13] [14] .
In the design process of wearable antennas, different substrate and conductive materials have been proposed based on the application need. Presently, most applications utilise rigid substrates such as FR4 (ε r = 4.1) [1] [2] [3] [4] [5] [6] [7] [8] and polytetrafluoroethylene (PTFE) Taconic ceramic substrate (ε r = 10) [10] . To enable a comfortable user experience, integration of wearable electronics with flexible antennas is highly desirable.
Nonstretchable denim fabric, which is strong, durable and normally made of a 100% cotton yarn, has been used as the substrate material for textile-based antennas [12, 15] . Another type of dielectric substrate for wearable antennas is cellulose filter paper. The dielectric constant of this material varies based on the effective paper thickness. After applying different deformations, it returns to its original dimensions when the paper is left relaxed [16] . However, if this kind of substrate is used for narrowband body-centric wireless transmission systems, detuning in the resonance frequency will occur. Hence, overall antenna performance will be affected. Natural rubber with an average dielectric constant of 2.7 [17] and elastomeric polydimethylsiloxane (PDMS) [18] have also been utilised as antenna substrates. The dielectric permittivity of elastomers is also variable and can be adjusted by loading the material with other inclusions of lower or higher permittivity. Therefore, after introducing hollow glass microspheres into the original material, the dielectric permittivity was investigated and estimated to be between 2 and 3.
Wearable flexible antennas have recently received considerable attention for practical applications in healthcare monitoring [19] [20] [21] [22] [23] . An ultrawide band flexible antenna printed on a flexible substrate was presented, which operates in the 4-6 GHz frequency band [19] . The principal operation of the antenna is microwave imaging, and it is proposed for early detection of breast cancer. Using a microwave breast cancer detection mechanism, an array of 16 flexible antennas integrated into a bra was prototyped and tested [20] . To achieve the optimal breast scan and collect certain data for further analysis, the antennas were arranged and placed on the inside surface of the bra so that they were in direct contact with the skin.
A light-weight wearable antenna aimed at improving patient comfort was also presented [21] . The antenna can be placed in proximity to the human body and consumes less power. Moreover, a planar microstrip antenna on a flexible substrate was also reported to detect tumours in the breast [22] . The antenna has been optimised to ensure improved contact with the breast and is considered to be an efficient alternative to the liquid coupling mediums used in conventional methods. In [23] , to make a spiral-shaped dipole antenna operating at 2.45 GHz, multimaterial fibres were specially arranged. The physical displacement of one's chest during breathing results in considerable shift of the spiral antenna operating frequency. This observation was used as a mechanism to monitor and measure the respiration rate.
Similar to nonwearable antennas developed for other applications, wearable antenna geometries also take different forms. A flexible bow-tie antenna for medical applications was designed due to its wide impedance bandwidth compared with other conventional antennas such as dipole antennas [24] . In their design, three different materials were proposed to be used as antenna substrates, namely, a cotton crepe bandage, a semitransparent film and a skin-friendly patch. A nonpatch meandered-type multiband antenna was also presented and remarkable detuning at the operating frequencies was observed when placed in proximity to the human body at a spacing of a 1 cm [25] . The truncated patch antenna fed by a 50-microstrip line resonating at 2.45 GHz is another form of patch antenna that has been designed [26] . An H-shaped patch antenna has also been proposed [27] , where denim fabric was chosen as the substrate of the main radiating element. The structure is backed by a foam substrate (ε r 1) and a rectangular patch.
The radiating conductor is a principal element of any antenna system. Commercially available conductive sheets, such as pure copper tape or Shieldit Super, are commonly used to fabricate the radiation element or patch [28, 29] . Conductive thread or e-fibres are alternative materials used for radiating element fabrication in wearable textile antennas [30] . Different threads, such as silver-coated and polyester stainless-steel-coated threads with different diameters, have also been studied [30] . Interestingly, the thread density plays an important role in determining the radiating element conductivity, which affects the supported frequency bands. In another study [31] , conductive yarns have been embroidered into fabrics to make textile antennas. The mechanical properties of different patterns may help in overall antenna size reduction. Fabrication of wearable textile antennas with 0.1 mm precision using special conductive thread has also been presented [32] . Increasing the density of the e-threads in the embroidering and fabrication of circuits and textile antennas can result in size reduction and improved antenna durability. However, this will also result in increased surface hardness of the antenna, which will affect flexibility and user comfortability. Because textiles have rough surfaces, using conductive inks to fabricate radiating patches is another method. A dipole antenna for wearable communications using a developed bonded-coated layer on polyester cotton has been presented [33] . Inject printing which is a type of computer printing is used as a method to fabricate a paper antenna backed by an artificial magnetic conductor (AMC) array to enhance antenna gain and bandwidth has also been presented [34] .
In this study, a triband flexible dipole antenna was developed. The antenna consists of two symmetrical E-shaped patches backed by a coupled rectangular patch with L-shaped cuts. The antenna can be integrated into smart clothing and is designed to support wearable electronics used in healthcare monitoring, industrial or military applications. The industrial, scientific and medical (ISM) frequency bands as well as wireless local area networks (WLAN) are supported. Investigations for the antenna behaviour under bending conditions, as well as in proximity to the human body, were studied. The proposed antenna structure is presented here and the results are discussed.
Antenna Geometry Configuration and Substrate Selection
A multiband dipole antenna which consists of two symmetrical E-shaped patches backed by a rectangular patch with L-shaped cuts was designed on a denim (low loss) substrate with a relative dielectric constant of 1.7 and loss tangent of tanδ = 0.024 [29] . The proposed antenna geometry is presented in Figure 1 , and details of the antenna dimensions are given in Table 1 . In the fabrication of the antenna, copper adhesive tape (layer thickness of 0.035 mm), which is a common hardware, was utilised. The antenna was small in size, and its overall conductive area, including the rectangular patch, was 62 × 46 mm 2 . The substrate size did not adversely affect the antenna performance because it was bigger than the conductive area. antenna for wearable communications using a developed bonded-coated layer on polyester cotton has been presented [33] . Inject printing which is a type of computer printing is used as a method to fabricate a paper antenna backed by an artificial magnetic conductor (AMC) array to enhance antenna gain and bandwidth has also been presented [34] . In this study, a triband flexible dipole antenna was developed. The antenna consists of two symmetrical E-shaped patches backed by a coupled rectangular patch with L-shaped cuts. The antenna can be integrated into smart clothing and is designed to support wearable electronics used in healthcare monitoring, industrial or military applications. The industrial, scientific and medical (ISM) frequency bands as well as wireless local area networks (WLAN) are supported. Investigations for the antenna behaviour under bending conditions, as well as in proximity to the human body, were studied. The proposed antenna structure is presented here and the results are discussed.
A multiband dipole antenna which consists of two symmetrical E-shaped patches backed by a rectangular patch with L-shaped cuts was designed on a denim (low loss) substrate with a relative dielectric constant of 1.7 and loss tangent of tanδ = 0.024 [29] . The proposed antenna geometry is presented in Figure 1 , and details of the antenna dimensions are given in Table 1 . In the fabrication of the antenna, copper adhesive tape (layer thickness of 0.035 mm), which is a common hardware, was utilised. The antenna was small in size, and its overall conductive area, including the rectangular patch, was 62 × 46 mm . The substrate size did not adversely affect the antenna performance because it was bigger than the conductive area. 
Results and Discussions

Return Loss Simulation and Measurements
After fabricating the prototype of the optimised antenna structure, shown in Figure 2a , an N5230A PNA-L (Keysight Technologies, Santa Rosa, CA, USA) network analyser was used to measure the return loss. A minicoaxial RF cable (IPEX MHF1 1.13 mm Coax RF Cable with 50 Ω impedance, the inner conductor diameter of which was 0.24 mm and the outer conductor diameter 
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Antenna Input Impedance
Surface Current Distribution and Parametric Study
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Radiation Pattern of the Antenna
The xy, xz and yz planes of the prototyped antenna radiation pattern were measured in an anechoic chamber room, as shown in Figure 6 . Comparison of the free space simulated and measured radiation pattern at 2.45 GHz, 5.25 GHz and 5.75 GHz central frequencies is shown in Figure 7a -c, respectively. Good agreement was found between the simulated and measured results. The antenna had linear polarisation and the electric field vectors oscillated in yz plane with propagation direction towards the z-axis. Because the antenna is proposed to support data communication for internet of things (IoT) systems in healthcare, it is important for the wearable antenna to have a semi-or omnidirectional radiation pattern. This will support efficient data transmission or reception when the person is walking or standing in both xz and yz plane propagation. Also, when the person is sleeping Return Loss (dB)
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Radiation Pattern of the Antenna
The xy, xz and yz planes of the prototyped antenna radiation pattern were measured in an anechoic chamber room, as shown in Figure 6 . Comparison of the free space simulated and measured radiation pattern at 2.45 GHz, 5.25 GHz and 5.75 GHz central frequencies is shown in Figure 7a -c, respectively. Good agreement was found between the simulated and measured results. The antenna had linear polarisation and the electric field vectors oscillated in yz plane with propagation direction towards the z-axis. Because the antenna is proposed to support data communication for internet of things (IoT) systems in healthcare, it is important for the wearable antenna to have a semi-or omnidirectional radiation pattern. This will support efficient data transmission or reception when the person is walking or standing in both xz and yz plane propagation. Also, when the person is sleeping or lying down, both the xy and xz planes are considered as supporting propagation planes. The results showed that the dipole patch antenna had a semi-omnidirectional pattern. 
Influence of Bending on Antenna Performance
For real-life requirements, the flexibility and user comfortability of wearable antennas are highly considered. A wearable antenna's behaviour should be studied in terms of durability and robustness after applying different deformations. Figure 8 presents the comparison results for measured return loss when the antenna was relaxed and when it was bent over foam cylinders of different radii (3 cm, 5 cm and 7 cm). The measured return loss results showed that the proposed antenna was highly robust and its performance remained stable over the supported frequency bands. No considerable detuning in the central frequencies was observed and the impedance bandwidth at the desired frequency bands remained the same as the relaxed condition measurement. 
Antenna Behaviour in Proximity to the Human Body
In order to realise the behaviour of wearable antennas placed in proximity to the human body, approximate models for a special tissue or full human body models were used. A homogenous model having a parallelepipedic shape of 450 × 50 × 50 mm only made of muscle tissue was used to observe the specific absorption rate (SAR) [35] . Then, for the purpose of comparison, a Duke full-body model was used. A custom three-layer body model consisting of muscle, fat and skin was used [36] [37] [38] . The electrical characteristics of the tissues were frequency dispersive. The customised body models were of different sizes. The overall sizes of the phantoms were 200 × 200 × 43 mm and 120 × 120 × 76 mm , 
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Antenna Behaviour in Proximity to the Human Body
In order to realise the behaviour of wearable antennas placed in proximity to the human body, approximate models for a special tissue or full human body models were used. A homogenous model having a parallelepipedic shape of 450 × 50 × 50 mm 3 only made of muscle tissue was used to observe the specific absorption rate (SAR) [35] . Then, for the purpose of comparison, a Duke full-body model was used. A custom three-layer body model consisting of muscle, fat and skin was used [36] [37] [38] . The electrical characteristics of the tissues were frequency dispersive. The customised body models were of different sizes. The overall sizes of the phantoms were 200 × 200 × 43 mm 3 and 120 × 120 × 76 mm 3 , respectively. A male voxel body model was used in the simulations to investigate the antenna behaviour [39] . However, due to the differences in the characteristics of real biological tissue and the modelled body tissue, the simulation results showed only approximate calculations of the antenna parameters. In addition, full models of the human body are complex and need super computers to reduce the simulation time.
In this study, we used custom body tissue made of three layers. The model was composed of a 20 mm thick muscle layer, a 2 mm thick fat layer and a 1 mm thick skin layer. The overall dimensions of the model were 80 × 80 × 23 mm 3 , which were smaller compared to those in the literature. The customised body tissue was not only used to investigate the influence of the human body on wearable antenna performance but also to assess the SAR, which determines the amount of energy absorbed by body tissues. Figure 9 shows the specific parts of the human body on which the wearable antenna was placed. Return loss measurements were carried out, and in Figure 10a , the return loss simulation results for different spacings between the antenna and the cubic body model are presented. Because the human body is a frequency-dispersive medium, when the antenna touches the skin, the higher frequency bands will be more influenced. However, adding spacing will improve the impedance bandwidth and impedance matching. respectively. A male voxel body model was used in the simulations to investigate the antenna behaviour [39] . However, due to the differences in the characteristics of real biological tissue and the modelled body tissue, the simulation results showed only approximate calculations of the antenna parameters. In addition, full models of the human body are complex and need super computers to reduce the simulation time.
In this study, we used custom body tissue made of three layers. The model was composed of a 20 mm thick muscle layer, a 2 mm thick fat layer and a 1 mm thick skin layer. The overall dimensions of the model were 80 × 80 × 23 mm , which were smaller compared to those in the literature. The customised body tissue was not only used to investigate the influence of the human body on wearable antenna performance but also to assess the SAR, which determines the amount of energy absorbed by body tissues. Figure 9 shows the specific parts of the human body on which the wearable antenna was placed. Return loss measurements were carried out, and in Figure 10a , the return loss simulation results for different spacings between the antenna and the cubic body model are presented. Because the human body is a frequency-dispersive medium, when the antenna touches the skin, the higher frequency bands will be more influenced. However, adding spacing will improve the impedance bandwidth and impedance matching. After fabrication, we investigated the influence of the human body on the wearable antenna by placing it on different parts of a real human body, such as the wrist, arm, leg and chest. In Figure 10b , the measured results of return loss are shown for when the antenna was relaxed off body and when the antenna was placed on a real body. Because of the antenna's robustness, the supported application central frequencies were not detuned. There was good agreement between the on-body measured results and the off-body relaxed return loss results. Considering that the wearable antenna was designed to not only operate on one but any user, measurements of the antenna when placed on the arm of different users were carried out. As shown in Figure 10c , three other arm-mounted measurements were carried out on three volunteers. Again, the results were in great agreement with the off-body relaxed results. In Table 2 , firstly, the simulated and measured gain and efficiency of the antenna in free space and off body are presented. Secondly, the simulated antenna gain and efficiency off body and on body are compared. Because the human body is a complex medium with a high dielectric constant, the antenna gain and efficiency were considerably degraded when the antenna was placed in proximity to the body tissue. After fabrication, we investigated the influence of the human body on the wearable antenna by placing it on different parts of a real human body, such as the wrist, arm, leg and chest. In Figure 10b , the measured results of return loss are shown for when the antenna was relaxed off body and when the antenna was placed on a real body. Because of the antenna's robustness, the supported application central frequencies were not detuned. There was good agreement between the on-body 
SAR Calculation
CST microwave studio was used to evaluate the SAR of the wearable antenna. To investigate maximum SAR, the antenna was placed on the skin layer of the cubic tissue and the antenna rectangular patch was in direct contact with the skin. Simulations for 2.45 GHz, 5.25 GHz and 5.75 GHz central frequencies in reference to different reference input powers starting from 25 mW up to 250 mW were carried out. IEEE/IEC 62704-1 averaged on 10 g was used to calculate the SAR value of the biological tissues. SAR was calculated as
where σ in S m is the tissue conductivity, E in V m is the electric field and ρ in Kg m 3 is the mass density of the tissue.
Peak values of a 10 g averaged SAR at different frequencies for different incident powers are presented in Table 3 . Increasing reference power will result in a significant increase of the amount of energy absorbed in the tissue. Taking user safety into consideration, it is recommended to not excite the antenna with more than 100 mW in practice. The calculated peak values for SAR were still below <2 (W/Kg) according to International Electrotechnical Commission (IEC) standards for a 10 g average mass. The input power can be increased slightly if extra spacing is added by inserting a layer of denim fabric or a thin layer of foam substrate. In Figure 11 , the three-dimensional SAR distributed patterns at 100 mW reference power along with the biological model cross section are presented. 
Conclusions
In this study, a novel E-shaped dipole antenna was designed and fabricated. The overall size of the unit was small and suitably convenient for user comfortability. The proposed antenna can be integrated with clothing for IoT applications. The antenna is durable and presented robust performance under different bending conditions. The excellent agreement between the simulated return loss and measured results showed that the proposed antenna is a good choice to be used for 
In this study, a novel E-shaped dipole antenna was designed and fabricated. The overall size of the unit was small and suitably convenient for user comfortability. The proposed antenna can be integrated with clothing for IoT applications. The antenna is durable and presented robust performance under different bending conditions. The excellent agreement between the simulated return loss and measured results showed that the proposed antenna is a good choice to be used for wearable communications. A semi-omnidirectional radiation pattern by which IoT wearable electronics can communicate easily was achieved. Supported frequencies stayed in bands when the antenna was placed in proximity to different bodies. A significant drop in the antenna gain and radiation efficiency occurred when the unit was placed on different parts of the human body. The antenna had low SAR and it was in direct proportion to the input power. The 10 g averaged SAR stayed within standard limitations for up to 100 mW input reference power considering direct contact between the antenna and body tissue. 
